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ABSTRACT: Submerged floating tunnel(SFT) is a unique marine structure whose actual realization has yet be made in 
the world.Assessment of hydrodynamic performance of SFT under wave loading is one of important factor in the design 
of SFT structure. This study investigated this issue by conducting physical experiments in a two-dimensional wave 
flume by generating regular waves of different heights and periods under different conditions of buoyancy to weight 
ratio (BWR)and water depth as well. The experimental results showed that the surge and pitch motions of the tunnel 
body linearly increased with wave height and period, while the heave motion was rather insignificantunlessboth 
quantities were comparatively large as the design wave. Similarly, maximum tensile force on the tension legs and the 
pressure loads on the tunnel body showed proportional relationship with wave height and period. Meanwhile, the 
magnitudes of major measured quantities generally showed decreasing trend according to increase of water depth but 
decrease of BWR. 
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INTRODUCTION 
Submerged floating tunnel (SFT) is a very unique 
marine structure whose hydrodynamic stability is 
maintained by a balance between buoyancy and tethering 
of the structure. SFT can be applied as a fascinating 
solution for connecting two shore areas separated by 
narrow and deep sea strait, lake, or rivers, where it is 
very hard to build a conventional tunnel or bridge across 
the shores. The concept of this structure was first 
introduced several decades ago, but the real construction 
of a prototype SFT is still not present around the world. 
Actual realization of SFT needs many considerations 
regarding its design, such as structural shape, tethering 
and anchoring methods, and others. Fundamental data 
for the design of SFT is the hydrodynamic load driven 
by wave, current, earthquake, and tsunami.Researches 
have been conducted continuously in order to assess the 
hydrodynamic performance of SFT against these load 
(Hong and Ge, 2010; Jakobsen, 2010; Kunish, 2010; Lu 
et al., 2011;  Dong et al., 2012; and others). 
In the present study, physical experiments were 
carried out to investigate the dynamic response of the 
SFTunder wave action.The SFT design proposed as a 
link crossing Funka bay of Hokkaido, Japan was used as 
a model structure for the experiments. By varying the 
conditions of  wave, water depth, and buoyancy to 
weight ratio (BWR), regular wave experiments were 
conducted in a two dimensional wave flume. In 
particular, the hydrodynamic behavior of the SFT model 
was assessed by taking the video during the experiments 
and analyzing it with the image processing techniques. 
Based on the research outcome obtained in the present 
study, researches will be continued to develop a new 
structural type of SFT. 
 
PHYSICAL EXPERIMENTS 
 
Experimental Facilities and Model Structure 
The experiments were conducted in a two 
dimensional wave flume of 53 m long, 1.25 m high, and 
1 m wide. The SFT model was manufactured based on 
the prototype design suggested for a part of the link 
crossing Funka bay of Hokkaido, Japan. The diameter of 
the circular cross-section of the prototype SFT is 23 m. 
The movement of the prototype SFT was confined by 
vertical tension legs that were fixed to the sea floor 
bottom. Fig. 1 shows the conceptual diagram and 
definition of the major parameters of the SFT. 
Taking into account of the dimension of the wave 
flume, the model scale was determined to be 1/100 of the 
prototype structure. The length of the model SFT was set 
to be 98 cm, or 2 cm shorter than the width of the wave 
flume. The model was sealed to prevent water 
penetration into it. The weight of the model can be 
changed by adjusting the weight inside it. Fig. 2 shows 
the photograph of the SFT model installed in the wave 
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flume. As shown in the figure, the ends of tension legs 
were connected to the load cells mounted on the bottom 
of the flume. A total of four load cells were used in order 
to measure the force acting on the tension legs. The 
distance between the tension legs in transverse direction 
was 50 cm in the experiment. Meanwhile, eight pressure 
gauges were attached along the central cross-section of 
the SFT model for measuring the pressure on the 
structure due to the wave action. The conceptual diagram 
showing arrangement of the sensors is provided in Fig. 3. 
Movement of the SFT model was analyzed by taking 
the video image of the model and analyzing it with 
image processing techniques. By calculating the relative 
displacement of two black circle markersattached on the 
glass side of the SFT model, it was possible to accurately 
estimate the dynamic response of the model structure 
against the wave load. 
 
 
 
Fig. 1 Diagram and definition of the parameters of the 
SFT. 
 
 
 
Fig. 2 General view of the experimental setup. 
 
Fig. 3 Notations of the pressure gauges and tension legs. 
Experimental Conditions and Method 
The SFT model was installed so as its top point to be 
located at 50 cm above the flume bottom. The water 
depth was changed as 65, 80, and 95 cm, corresponding 
clearance of the tunnel being 15, 30, and 45 cm 
respectively. Three different buoyancy to weight ratio 
(BWR) as 1.1, 1.3, and 1.5 were adopted in the 
experiment. Regular waves having different heights and 
periods were generated for 60 s. Table 1 shows the 
conditions of test waves and experimental setup that are 
conveted to the field scale based on the scale factor 
(1/100) of the experiment. 
 
Table 1 Summary of the experimental conditions. 
Quantity Values 
Diameter of SFT (m) D=23 
water depth (m) h=65, 80, 95 
Buoyancy-Weight Ratio BWR=1.1, 1.3, 1.5 
Wave period (s) T=6.5, 8.0, 10.0, 13.0 
Wave steepness s=0.013, 0.027, 0.040, 0.053 
 
EXPERIMENTAL RESULTS 
 
Motions of SFT 
The displacement and rotation of the SFT model was 
calculated by image processing of the acquired video 
clips monitoring the movement of two markers attached 
on the side of model. The image processing technique 
applied to Jeong et al. (2008) was used in this study. 
That is, the acquired images were first transformed into a 
binary images and the location of the two markers were 
detected. Then, the displacement and rotation of the 
model could easily be calculated. Finally, the calculation 
results were converted into the corresponding value of 
field condition. In the following, description and 
discussion of the experimental results are presented in 
the field dimension. 
Fig. 4 shows the maximum and minimum values of 
the surge, heave, and pitch motions of the SFT model 
when h=80 m and BWR=1.3. As shown in the 
figure,surge motions (xs) increases almost linearly 
proportional to the wave height.In addition, the 
magnitudes of maximum and minimum surge were 
almost the same because the SFT model moved back and 
forth periodically with the passage of wave trains. Surge 
motions shown in Fig. 4 were relatively large as the 
tension legs hold the SFT model only in vertical 
direction so that large displacement may occur against 
the horizontal load. In case of the heave motion, 
meanwhile, the magnitude was very small except for the 
condition of T=13.0 s, where the SFT model showed 
marked negative heave, but still insignificant positive 
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surge due to restriction of upward displacement by the 
tension legs.The pitch motion showed increasing trend 
with wave height, especially when T=13.0 s, similar as 
the surge motion. The magnitudes of maximum and 
minimum pitch were also comparable each other. 
 
 
 
 
Fig. 4 Surge, heave, and pitch motions of the SFT. 
 
Among the 16 test wavesused in the experiment, the 
wave of T = 13 s and s= 0.04 corresponds to the design 
wave of 100-yr return period (T = 13 s and Hs = 9.3 
m)that were adopted by Society of Submerged Floating 
Tunnel Technology (1997a, hereafter termed as SSFTT) 
Japan. Considering this, the change in SFT motions 
according to water depth and BWR conditions were 
investigated for this wave condition as shown in Fig. 5.  
In case of the surge motion, the magnitude generally 
declined with increase of water depth and decrease of 
BWR. The numerical modeling result for the same SFT 
cross-section dimension (Kanie et al., 1997) was also 
showed in Fig. 6. The magnitude of surge as well as its 
trend according to water depth was very similar as the 
present study. Meanwhile, the heave motion showed 
insignificant change in upward direction but similar 
trend as the surge motion in downward direction, 
declining its magnitude with increase of water depth and 
decrease of BWR. Kanie et al. (1997) only presented the 
results of heave motion in upward direction, which was 
also negligible as in the present study. The tendency of 
pitch motion according to change in water depth and 
BWR was almost the same as the surge or heave motion 
as shown in Fig. 6. 
 
 
 
 
Fig. 5 Change in surge, heave, and pitch motions 
according to water depth. 
Meanwhile, Hong and Ge (2010) investigated the 
influence of BWR on the SFT motions by conducting 
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physical experiment. In order to compare their 
experimental results with that of the present study, the 
measured surge and heave motions were normalized by 
dividing the respective values with the diameter of SFT 
as shown in Fig. 6. Although information on the details 
of their experiment was not provided in Hong and Ge 
(2010), fairly good agreement was found between their 
experiment and this study with respect to the tendency of 
surge and heave motions according to BWR. As shown 
in Fig. 6, surge of SFT generally ranged from 20 to 40% 
of the tunnel diameter, whereas heave below 10% of the 
diameter. 
 
 
 
Fig. 6 Change in non-dimensional surge and 
heavemotions according to BWR. 
 
Force on Tension Legs 
The tensile forces acting on the four tension legs 
holding the tunnel body were measured by using the load 
cells. Fig. 7 shows an exemplary measurement results for 
the case h = 80 m and BWR = 1.3. In this case, the 
initial tension acting on each tension leg was 6,260 tf. 
Under the wave loading, the maximum tensile force 
measured by the load celllinearlyincreased with the wave 
height from the initial tension. The maximum tensile 
forces on the four tension legs were almost the same but 
some discrepancy was found in case of the minimum 
forces, as shown in Fig. 7. Such difference in minimum 
tensile forces was ascribed to the slack of a tension leg, 
which might occur when instantaneous tension is smaller 
than the initial tension of the leg. According to the slight 
difference in momentary position of each tension leg, the 
amount of tension loss from the initial tension might be 
different one another. Fig. 8 shows that the maximum 
tensile force acting on a single tension leg was 
approximately 8,700 tf, which implies the added tension 
was approximately 30% of the initial tension. The 
guideline of SSFTT set the design tension leg as 8,125 tf 
(Society of Submerged Floating Tunnel Technology, 
1997b), which is almost equivalent to the maximum 
tension measured in the present study. 
In Fig. 8, the tensile forces acting on the tension legs 
were presented as a function of wave period. Since there 
was no significant difference in the measured tensile 
forces among the four legs, only the result for the leg of 
Line 1 (See Fig. 3) is shown in the figure. The 
discrepancy betweeneither of the maximum or minimum 
tensile forces and the initial tension was augmented with 
the increase of wave period. However, magnitudes of the 
discrepancy with respect to maximum forces (FTmax–FT0) 
were comparatively greater than those of minimum 
forces (FTmin–FT0). 
 
 
Fig. 7 Maximum and minimum tensile forces on the four 
tether lines of the SFT. 
 
 
Fig. 8 Tensile forces on Line 1 of the SFT as a function 
of wave period. 
Fig.9 shows the influence of water depth and BWR 
on the tensile force for the design wave considered in 
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SSFTT. As the initial tension was different according to 
BWR, the measured tension was normalized by 
extracting and dividing with the initial tension. Then, the 
normalized tension stands for relative tension variation 
to the initial tension. The horizontal axis of Fig.9 denotes 
the clearance (hc) divided by water depth (h). Similar as 
in Fig. 8, only the result for Line 1 is shown in the 
figure.It is clearly seen in Fig. 9 that relative change of 
tensile force acting on the tension agreed fairly well one 
another irrespective of BWR values. In addition, the 
variation of tensile force was reduced with the increase 
of hc/h value. In general, the maximum change of tensile 
force was approximately less than 30% of the initial 
tension. 
 
 
Fig. 9 Non-dimensional relative tensile force on the Line 
1. 
 
Force on Tunnel Body 
Fig. 10 shows the measurement result of dynamic 
pressure obtained from the eight pressure sensors. The 
figure presents the result for the wave condition of h = 
80 m, BWR = 1.3 and T = 13 s. Similar pressure trend 
with respect to the wave height was also obtained for 
different combination of water depth, BWR, and wave 
period, although the magnitudes of pressures were 
different according to the change in those quantities. 
Overall, the measured pressure showed linearly 
increasing trend with wave height. According to the 
location of each sensor, the magnitude of pressure was 
significantly different, showing the largest pressure at 
front upward sensor p2 (45°), whereas the smallest at the 
lowest sensor p7 (270°). 
Meanwhile, the wave force acting on the tunnel body 
could be estimated by integrating measured pressures 
along the tunnel perimeter. Fig. 11 presents the 
integrated wave forces acting on unit length of the tunnel 
body in vertical and horizontal directions. As in Fig. 10, 
only the results for the four test waves corresponding to 
T = 13 s are shown in Fig. 11. The vertical and 
horizontal wave forces almost linearly increased with 
wave height. The magnitude of vertical force was greater 
than that of horizontal force by 30 to 60%. 
 
 
Fig. 10 Wave pressure measured at eight positions on the 
SFT. 
 
 
Fig. 11 Integrated wave forces on the SFT as a function 
of wave height. 
 
Then, the wave forces were normalized by the 
specific weight of water (wo) and half of wave height 
(H/2), following the analysis presented in Kunish (2010). 
The results are shown in Fig. 12, where the values of 
normalized wave forces are presented as a function of 
hc/h,similar as in Fig. 9. The normalized wave forces 
decreased with the values of hc/h and the reduction rate 
was more apparent in case of the vertical force. With 
respect to BWR, wave forces were smaller in general for 
the lower BWR values. 
 
CONCLUSIONS 
This study carried out physical experiments to 
investigate motions of the SFT and its hydrodynamic 
characteristics under wave loading. The tunnel cross-
section suggested by SSFTT was used in the experiment, 
with varying water depth, BWR, and wave conditions. In 
particular, the motions of tunnel body were efficiently 
acquired by using the video monitoring and analysis 
technique, which had advantage of not influencing free 
behavior of  SFT.  
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Fig. 12 Non-dimensional wave forces acting on the SFT. 
 
By analyzing the experimental data, comparison was 
made with some previous researches with respect to the 
motions of SFT and forces acting on the tension legs as 
well as tunnel body. As a result, it was confirmed that 
present experimental results agreed fairly well with those 
of previous researches. Overall, the magnitudes of 
motions and forces of SFT were augmented with 
increase of the wave height and period. With respect to 
BWR and water depth, the magnitudes generally 
decreased according to increase of water depth and 
decrease of BWR. The major physical quantities were 
presented with normalized values, which might be 
helpful in practical design of SFT and related subsequent 
researches.  
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